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ABSTRACT 
d 
The inf luence o f  t h e  volume proport ion o f  second-phase 
pa r t i c l es  on the decrease i n  f low stress f o r  a series of  
annealed iron-carbon a l loys a f t e r  subjection t o  a hydrostat ic 
pressure o f  20 k i lobars has established that  the maximum change 
occurs f o r  a l loys  containing 1 t o  2 vol.% f o r  the pa r t i cu la r  
morphology used. 
o r  c r i t i c a l  pressure f o r  the development o f  pressure-induced 
changes i n  y i e l d  behavior w i t h  increase i n  volume o f  second 
phase i s  indicated. Examination o f  microyield character is t ics  
has demonstrated that  the introduct ion o f  mobile dis locat ions 
by pressur isat ion resul ts  i n  a substantial decrease i n  the 
microyield stress b A  compared w i th  the values obtained by the 
normal method o f  uniaxial  p l a s t i c  prest ra in ing a t  atmospheric 
pressure. 
The existence o f  an increase i n  the minimum 
Measurements o f  tens i le  d u c t i l e - b r i t t l e  t rans i t i on  
behavior f o r  f u l l y  recrysta l l ised comnercial p u r i t y  tungsten 
and tungsten-1 wt.% thor ia  a l l o y  a f t e r  subjection t o  a hydro- 
s t a t i c  pressure o f  20 k i lobars show no change i n  t rans i t i on  
temperature, w i th in  the accuracy o f  measurement, from that  o f  
the as-recrystal l  ised materials. A rapid method o f  preparing 
t h i n  f o i l s  f o r  transmission e lect ron microscopy from the 0.030 in. 
diameter wi re tens i le  specimens has been developed and used t o  
establ ish the nature o f  the substructural changes on annealing 
the as-received drawn wires a t  successively higher temperatures. 
The tungsten f o i l s  contained very few impurity second phase p a r t i -  
cles, but  large numbers o f  sub-micron sized in ternal  voids were 
observed for the recrysta l l ised condition. Dislocations do not 
develop from the voids on pressurisation. F o i l s  from the a l l o y  
showed tha t  the thor ia  was present i n  a range o f  shapes,and sizes 
ranging up t o  approximately 1 micron. The volume f rac t i on  o f  t ho r ia  
i s  greater than that  corresponding t o  the nominal composition o f  
1.9 vole%. 
w i t h  the nature o f  the pressure response o f  the mechanical behavior 
o f  these mater ia ls and the d is loca t ion  generation hypothesis. 
The t h i n  f o i l  observations are sh&n t o  be i n  keeping 
.. 
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I . I NTRODUCT I ON 
During the 12-month period o f  the present research program 
(beginning 1 June, 1965), the pr inc ipa l  objectives have been to: 
(a) study pressure effects on i ron and iron-carbon a l loys a's being a 
model system f o r  the invest igat ion o f  the mechanism o f  d is locat ion 
generation under hydrostat ic pressure and of the variables control-  
l i n g  the magnitude and nature of  the ef fect ;  and (b) continue the 
study o f  the effect of pressure on ducti le-br t t l e  behavior by in- 
vest igat ing the influence o f  substructure and second-phase pa r t i c l es  
i n  tungsten and tungsten-thoria al loys. The nvestigation now 
involves a second graduate assistant, Mr. P. Trester who jo ined the 
research program i n  September 1965, i n  addi t ion t o  Hr. G. Das who 
jo ined the progran i n  1964. Hr. Das has continued w i th  the research 
on tungsten and tungsten-thoria a l l oys  and Hr. Trester i s  studying 
the model system. I n  addition, ti. L1. D. Pugh (Head o f  the Plast i -  
c i t y  Division, National Engineering Laboratory, U.K.) who i s  the 
holder o f  the Republic Steel Corporation Distinguished V i s i t i n g  
Professorship a t  Case f o r  the academic year 1965-66, i s  pa r t i c i pa t i ng  
during t h i s  period i n  several o f  the research a c t i v i t i e s  i n  the High 
Pressure Laboratory, including some aspects o f  t h i s  current study of 
pressure ef fects  on structure and mechanical behavior o f  bcc metals. 
The present report describes the research carr ied out 
during the six-month period beginning 1 December 1965. During t h i s  
period, the research e f f o r t  has been directed t o  c l a r i f y i n g  the 
effects of pressure cycl ing up to 25 k i  lobars on duct i  le-br i  t t l e  
t r a n s i t i o n  behavior i n  tungsten and tungsten-1% thor ia  al loys,  w i th  
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par t i cu la r  a t tent ion t o  microstructure aspects. 
measurements o f  pressure ef fects  on the discontinuous y i e l d  
phenomena i n  high p u r i t y  iron-carbon a l loys and a commercial 
plain-carbon steel (AISI-1018) have been continued as pa r t  o f  the 
study o f  quant i ta t ive relat ionships between pressure, d is locat ion 
structure and changes i n  y i e l d  characterist ics. Some ef fects  o f  
pressurisation on microyield phenomena have been investigated. 
I n  addition, 
I I .  IRON-CARBON ALLOYS 
I n  the case o f  t h i s  model system o f  second-phase pa r t i c l es  
dispersed i n  a matr ix o f  isotropic l inear  compressibi l i ty, sui table 
methods for specimen preparation and observation o f  y i e l d  behavior 
i n  tension were established previously'') f o r  large specimens (0.15 in .  
gage diameter x 1 in.gage length) from which t h i n  f o i l  specimens can 
be prepared d i rect ly .  Tests on annealed specimens o f  an Fe-0.65 wt.%C 
a l l o y  a f t e r  subjection t o  a hydrostat ic pressure o f  20 k i lobars showed 
the expected successive lowering o f  the stress f o r  y ie ld ing and the 
el iminat ion o f  the upper y i e l d  po int  (2'3) and confirmed the selection 
o f  t h i s  pa r t i cu la r  model system. The current work has been concerned 
w i t h  establ ishing accurately the magnitude o f  the decrease i n  y i e l d  
stress f o r  a constant applied pressure as a funct ion o f  the volume 
proport ion o f  the second phase (Fe3C) and the change i n  y i e l d  stress 
as a function o f  applied pressure f o r  a given volume proportion; w i th  
developing a sui table method for producing contro l led dispersion o f  
spheroidal carbide pa r t i c l es ;  and w i th  invest igat ing the influence 
of pressure on the micro-yield region o f  the stress-strain curve. The 
methods o f  specimen preparation and vacuum annealing, pressurlsing and 
-3- 
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tens i l e  stress-strain measurement i n  the ax ia l  loading r i g  were as 
described previously") except f o r  some modif icat ions i n  the methods 
o f  s t r a i n  measurement which are discussed below. A l l  tests were 
conducted a t  room temperature. 
were used f o r  the macroyield and microyield tests,respectively. 
pressurised specimens were tested as soon as possible a f t e r  subjec- 
t i o n  t o  pressure; i n  the case o f  unavoidable delays,sthe specimens 
were stored a t  0°C o r  below t o  prevent possible "strain-aging" effects. 
St ra in  rates o f  0.05 and 0.02 in.rnin-l 
The 
(a) Macroyield Phenohlena 
I n  the previous rkport ('), some pre l  i m i  nary observations 
were presented o f  the changes wi th  pressure i n  the form o f  the macro- 
y i e l d  region o f  the tens i l e  stress-strain curve, as measured f rom 
both the load-cell output and cross-head movement on the lnst ron cons- 
tan t  strain-rate machine. These observations have now been extended 
using a new type o f  extensometer (see l a t e r  i n  t h i s  section) f o r  the 
0.065 wt.%C (1.0 vol.% Fe3C) a l l o y  and the 0.18 wt.%C (2.8 vol.% Fe3C) 
steel, i n  order t o  investigate the magnitude of  the changes i n  y i e l d  
stress as a funct ion o f  the applied pressure. The gra in  diameters f o r  
these two materials a f t e r  annealing were 0.04 mn and 0.016 m, respec- 
t i ve ly .  The resul ts  o f  the investigation are shown i n  Figure 1 p lo t ted  
i n  terms o f  the reduced or normalised change i n  y i e l d  stress (i.e., the 
di f ference between the 0.2% o f f se t  y ie ld  stress a f t e r  pressurising and 
that i n  the i n i t i a l  as-annealed condit ion divided by the i n i t i a l  y i e l d  
stress). I t  i s  seen that f o r  the 0.18 wt.%C steel that  there i s  a 
' c r i t i c a l '  pressure i n  the v i c i n i t y  o f  15 k i lobars below which no 
change i n  the y i e l d  stress i s  apparent and above which the y i e l d  stress 
I -4- 
decreases continuously w i th  increasing pressure. 
invest igat ion o f  the i n i t i a l  stages o f  the pressure ef fects  i n  a 
0-03 wt.% (0.5 vol.% Fe3C) al loy(3), such a ' c r i t i c a l '  pressure f o r  
the lower y i e l d  stress occurred a t  a much lower value i n  the region 
o f  4 t o  5 kilobars. This i s  shown i n  Figure 1, by data taken from 
stress-strain curves i n  t h i s  reference. Although i n  the present 
work, tests have not been made f o r  such low pressures, the resul ts  
I n  a previous 
shown i n  Figure 1 f o r  the 0.065 wt.%C a l l o y  do suggest a c r i t i c a l  
pressure o f  t h i s  magnitude. I t  i s  not yet known whether the higher 
c r i t i c a l  pressure required f o r  the 0.18 wt.%C steel i s  a t t r i bu tab le  
t o  the pa r t i cu la r  dispersion and greater amount o f  second phase or 
to  e f fec ts  o f  solute impurit ies on the strength o f  the matrix. I n  
e i t h e r  case, the present results indicate a possible reason f o r  
some o f  the v a r i a b i l i t y  i n  the pressure response o f  steels observed 
i n  several d i f f e r e n t  laboratories. I t  i s  especial ly in terest ing t o  
note that  once i t s  c r i t i c a l  pressure i s  exceeded, the response o f  
the steel rap id ly  reaches that  o f  the lower carbon al loy.  
gests that  the amount and morphology o f  the carbide are the impor- 
t a n t  factors. 
This sug- 
The influence o f  the volume proport ion o f  second phase on 
macroyielding was investigated by conducting tens i l e  tests on the 
fol lowing series o f  high p u r i t y  iron-carbon a l loys - 0.004, 0.02, 
0.065, 0.30 and 0.55 wt.%C, corresponding t o  0-06,  0.35, 1.0, 4.7, 
and 8.6 vo le% Fe3C 
pressure. 
(2.8 v01.X Fe3C) p l a i n  carbon steel (AISI-1018). 
- before and a f t e r  subjection t o  hydrostat ic 
I n  addition, similar tests were conducted on the 0.18 wt.%C 
A l l  the compositions 
I 
-5 - 
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were pressur ised<to 20 ki lobars except f o r  the 0.55 wt.%C al loy,  
which was subjected t o  only 18 ki lobars due t o  the occurrence o f  a 
leak i n  the high pressure apparatus during that  pa r t i cu la r  run, 
place o f  the method o f  s t r a i n  measurement used e a r l i e r " )  f o r  the 
measurement o f  t ens i l e  strain,  a new type o f  extensocneter the 
lnstron Extensometer - o f  1 in. gage length was attached t o  the 
specimen. The extensometer incorporates a small beam on an ampli- 
f i c a t i o n  arm and f i t t e d  wi th  resistance s t r a i n  gages; the beam 
bends e l a s t i c a l l y  during the elongation o f  the specimen and the 
s t r a i n  gage output measures the corresponding s t r a i n  i n  the speci- 
men. This method was found t o  be almost as sensi t ive i n  the aicro- 
s t r a i n  experiments as d i r e c t l y  mounted gagcs,and has the advantages 
o f  being simpler i n  use and o f  averaging the specimen s t r a i n  i n  the 
lower y i e l d  stress region when the inhomogeneous Luders extension 
i s  taking place. A minimum of  4 tens i l e  specimens - two pressur- 
ised and two as-annealed - were used f o r  each composition. 
In  
- 
The resul t ing changes i n  y i e l d  stress as a funct ion o f  
The change the volume proport ion o f  Fe3C are shown i n  Figure 2. 
i s  p lo t ted  i n  terns o f  the decrease i n  0.2% o f f s e t  y i e l d  stress 
f rom the values f o r  the unpressurised specimens. Some e a r l i e r  
resul ts  on a series o f  plain-carbon steels containing more than 
0.2 wt.%C and i n  the normalised condition(2) are also included i n  
Figure 2. 
pos i t i on  region i s  i n  good agreement - 
gradual disappearance o f  the pressure-induced changes i n  y i e l d  
stress w i th  increasing volume proport ion o f  carbide. The dif ferences 
The general form of the present resul ts  i n  the same com- 
i n  pa r t i cu la r  as t o  the 
. 
t 
c 
-8.3- 
in the magnitude of the changes for the two sets of results are 
attributable to differences in experimental materials, conditions 
and techniques. It is to be noted that, despite these, the earlier 
data agree closely with the present results for the similar type 
of plain-carbon steel, AISI-1018. 
The results for the alloys with a lower volume propor- 
tion of Fe C establish clearly the existence of a maximum effect 
of pressure between 1 and 2 vol.% fe3C. 
the effect with increasing second phase content at levels below 
this is in accordance with the hypothesis of pressure-induced 
generation of dislocations which predicts an increase in the num- 
ber of mobile dislocations and therefore a greater decrease in 
yield stress as the proportion o f  hard particles increases(2).The 
magnitude of the effect in the 0.004 wt.%C alloy (a 'high purity' 
iron, ferrovac E) is larger than might be expected, but it is 
possible that some impurity particles are also contributing to the 
effect in this material. These have been observed in thin-foils. 
The aaximum and the subsequent diminution of the effect shown in 
Figure 2 with further increase in the second phase content is con- 
sidered to be associated with the increasing mutual interference of 
the pressure-induced strain-fields at adjacent particles. The point 
at which the maximum occurs, and its value, should also depend on 
the morphology and distribution of the particles. 
3 
The rapid increase in 
For the present annealed structures in the higher carbon 
alloys, it is known from thin-foil electron microscopy studies 
earlier in the program that the carbide occurs principally as 
p a r t l y  sphero 
pers is ts  even 
d i  sed clusters 
a f t e r  prolonged 
-7- 
n which a h 
annea 1 i ng. 
gh d is locat ion density 
This structure would 
be expected t o  i n h i b i t  the pressure-induced generation o f  mobile 
dislocations t o  a much greater extent than f o r  a uniform disper- 
sion o f  pa r t i c l es .  Accordingly, as pa r t  o f  the invest igat ion o f  
the influence o f  the morphology o f  the second-phase d is t r ibut ion,  
a subsidiary study was undertaken to establ ish a su table tech- 
nique f o r  developing a uniform dispersion o f  sphero dal carbide 
pa r t i c l es  i n  these iron-carbon al loys. This aspect o f  the pro- 
gram was carr ied out as an undergraduate research problem by 
Hr. N. J. D i m i t r i s  and Mr. R. F. Duncan i n  col laborat ion w i t h  
Hr. Trester. As i t  was also known f rom e a r l i e r  work that  the 
method o f  thennal cyc l ing about the eutectoid temperature (720'C) 
t o  f a c i l i t a t e  uniform nucleation was unsatisfactory f o r  these 
al loys, the study was directed t o  the methods o f  spheroidisation 
by prolonged annealing of nonnalised a l l oys  a t  temperatures j u s t  
below that  o f  the eutectoid ( 'sub-cr i t ica l  annealing'), and by the 
tempering o f  martensi t ic  structures i n  the region f rom 430 -7OOOC. 
The e f fec ts  o f  the time and temperature o f  these spheroidising 
processes on the microstructure were exanined i n  d e t a i l  f o r  the 
0.065 wt.%C a l l o y  using l i g h t  microscopy, carbon rep l ica electron 
microscopy and l inea l  analysis techniques. The resul ts  show that  
the most uniform dispersion o f  near-spheroidal pa r t i c l es  was ob- 
tained by the tempering method. Tempering a t  7OO0C f o r  times o f  
the order of 1 hour gave a suitable dispersion, wi th  an average 
grain s ize o f  0.015 nun. 
0 
Less uniform dispersions o f  larger pa r t i c l es  
, 
-8- 
and a larger f e r r i t e  grain s i z e  (0.054 mn) developed a t  prolonged 
tempering times o f  up t o  10 hours. The density and d i s t r i b u t i o n  
o f  dislocations i n  the tempered structures are t o  be examined by 
t h i n - f o i l  e lectron microscopy. 
(b) Hicroyield Phenomena 
The stress-strain curves as measured i n i t i a l l y  f rom 
the lnstron load-cell and the cross-head movement were found t o  
deviate from the 1 inear "elast ic" re lat ionship a t  stress values 
which decreased w i th  increase i n  the pressure t o  which the speci- 
mens had been subjected. Accordingly, a procedure f o r  making 
sensi t ive s t r a i n  measurement was developed t o  examine t h i s  feature 
more precisely and t o  study i t s  re lat ionship t o  the pressure-induced 
generation o f  mobile dislocations. 
cations and/or sources i n t o  the i ron  matr ix without grossly chan- 
ging the overal l  d is locat ion substructure, as can be accomplished 
by pressurising, o f f e r s  an unusual opportunity t o  tes t  out some 
of the implications o f  the dis locat ion dynamics analyses o f  yieldin4') 
and the importance o f  the role o f  i n t e r s t i t i a l  solute-locking. I n  
par t icu lar ,  i t  should make feasible a more d i r e c t  study o f  the fac- 
tors  contr ibut ing t o  the stress required t o  move a dis locat ion i n  
f e r r i t e  than has been possible previously. 
The i n j e c t i o n  o f  mobile d is lo-  
The i n i t i a l  investigation o f  microyield phenomena i n  pres- 
surised material has been carr ied out on annealed specimens o f  the 
0.18 ut.= steel a f t e r  subjection t o  a pressure o f  20 ki lobars. 
E lec t r i ca l  resistance s t ra in  gage measurement o f  microstrain was 
adopted as the method o f  fol lowing the ear ly  stages o f  p l a s t i c  flow. 
I -: 
-9- 
Two f o i  1 s t r a i n  gages (Micro Measurements Inc., Type No.EA-06- 
0310E-120) were placed 180° apart on each specimen so that  the 
l inear  s t r a i n  could be recorded d i r e c t l y  versus the output f rom 
a load-cell on a Hosley X-Y recorder during the tens i l e  tests. 
For comparison, s t r e s d s t r a i n  was recorded independently and 
simultaneously by standard lnstron measuring procedures. 
Two methods - continuous and c y c l i c  loading - were 
used t o  detect the i n i t i a l  permanent s t r a i n  developed. I n  the 
f i r s t  method, the stress value f o r  the i n i t i a l  deviat ion from 
the 1 inear relat ionship during continuous loading (i .e., the 
l i m i t  o f  proport ional i ty,  dA> was measured. 
shown i n  Figure 3, which compares the recorded load/strain data 
f o r  an annealed specimen o f  the steel and one pressurised to 
20 ki lobars. The value of 
w i t h  the upper y i e l d  stress o f  some 43x10 
i s  too high for inclusion i n  the graph. 
o f  6,  f o r  the pressurised specimen i s  only 15.5~10 psi.  I n  the 
second method, which has been developed considerably by N. Brown 
and co-workers i n  recent years (6’7), the specimen i s  repeatedly 
loaded and unloaded t o  successively higher loads. The stress a t  
which the load/strain cycle f i r s t  shows hysteresis defines the 
e l a s t i c  l i m i t  bE (i.e., the stress f o r  the i n i t i a l  movement of  
dislocations) and the stress f o r  which the hysteresis loop no 
longer closes on unloading defines the microyield stress bA (the 
l i m i t  o f  anelast ic i ty ) .  The measured magnitudes o f  both o f  these 
parameters vary w i th  s t r a i n  sensi t iv i ty .  For comparison purposes 
A typ ica l  resu l t  i s  
b A  f o r  the former corresponds closely 
psi ,  the load f o r  which 3 
I n  contrast, the value 
3 
I .  
-10- J. 
in the present work, 
lo-' in/in permanent strain on unloading, 
6 has been defin d as the stress to give 
A 
A typical series o f  
.. 
load-unload stress-strain curves is shown in Figure 4 for a 
specimen of the sane steel pressurised to 20 kilobars, Both the 
continuous and cyclic loading methods were found to give similar 
values for bA. A corresponding agreement between 6 values from 
the two methods has been observed previously for a polycrystalline 
A 
iron in which discontinuous yielding was eliminated by tensile 
pre-straining into or beyond the lower yield stress region (6 1 . 
Plastic pre-straining has been used widely to eliminate 
b 
discontinuous yielding in studies of the early stages of plastic 
flow in iron. However, a major question concerning this tech- 
nique is the extent to which the change in dislocation density 
and distribution resulting from plastic pre-strain affects the 
magnitudes of bE and bA . Kossowsky and Brown(7) in a recent 
investigation on polycrystalline zone-refined iron (12 to 15 ppnr 
carbon) have shown that GA increases very 1 i ttle with increase in 
pre-strain from 0.001% to 0.2%, but increases rapidly with further 
increase in pre-strain up to the limit examined of 5%. In Fig. 5, 
a comparison is presented for specimens of the 0.18 wt.%C steel of 
the effects of  tensile pre-strain and pressurising on the values 
. *  
.. 
.. 
obtained for dA as measured by the cyclic loading method. The 
results show that whereas a tensile pre-strain of 0.53% reduces 
from some 43x10 psi in the annealed ('locked') condition to A 
3 
3 25.4~10 psi, pressurising an identical specimen to 20 kilobars 
reduces to the substantially lower value of 15.5~10 psi. 3 
-1  1- 
.. 
.. 
Even a f t e r  subsequently pre-straining t h i s  specimen i n  tension t o  
0.68% strain,  gA i s  s t i l l  s l i g h t l y  lower (23.2~10 ps i )  than 
f o r  the f i r s t  pre-strained specimen. 
3 
The value of the microyield stress a t  room temperature 
obtained a f t e r  pressurising f o r  t h i s  comnercial p u r i t y  steel o f  
r e l a t i v e l y  high carbon content (0.18 ut.%) and small gra in  s ize 
(0.016 mm) i s  close t o  the 6 value o f  15x10 ps i  a t  room temper- 
ature reported f o r  a B a t t e l l e  zone-refined i r o n  (0.001 wt.%C) and 
less than that o f  some 18x10 p s i  for a high p u r i t y  i r o n  (0.011 
wt.%C)(6). The gra in  size f o r  both these irons was much larger, 
"about 0.1 mn" and the s e n s i t i v i t y  o f  s t r a i n  measurement greater 
than that used here. 
specify the actual pre-strain used i n  t h e i r  measurements, but the 
l a t e r  work(7) on apparently the same Bat te l  l e  zone-refined i ron  
3 
A 
3 
Unfortunately, Brown and Ekva1(6) do not 
reports bA values o f  only 6x10' psi  f o r  0.1% pre-strain, increa- 
sing t o  some 13x10 psi  f o r  5% pre-strain. Even w i th  these 
uncertaint ies, i t  i s  c lear that the values o f  SA achieved i n  an 
impure i r o n  matrix by pressurising are comparable t o  those obtained 
i n  much purer i ron  o f  coarser gra in  size using the tens i l e  pre- 
s t r a i n  technique. 
mobile dis locat ions i n t o  the i r o n  l a t t i c e  by pressurising(8)does 
have s ign i f icant  advantage fo r  the study of  i n i t i a l  d is locat ion 
movement. Pressurising experiments are current ly  i n  progress on 
the high p u r i t y  i r o n  and lower carbon a l loys t o  examine the ear ly  
stages of p l a s t i c  deformation i n  the purer f e r r i t e  matrix. 
3 
Thus,the u n i f o n  and local ised introduct ion o f  
.. 
.. 
1 1 1 .  TUNGSTEN AND TUNGSTEN-THORIA ALLOYS 
Measurements were reported previously‘’) concerning the 
influence o f  hydrostat ic pressures up t o  25 k i lobars on the terminal 
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature, Td, f o r  electropolished ten- 
s i l e  specimens prepared from powder metallurgy tungsten wi re (0.030 in. 
diam.) o f  comercia1 p u r i t y  as a reference mater ia l  i n  the study o f  
the r o l e  o f  second-phase pa r t i c l es  i n  the response o f  b r i t t l e  materials 
t o  pressurising. 
131OoC and 16OO0C, i t  was found that the t r a n s i t i o n  temperatures 
(8OoC and 190°C respectively) are unaffected, w i t h i n  the accuracy o f  
measuring Td, by pressure cycling. I n  contrast, e a r l i e r  resul ts f o r  
specimens from ostensibly the same batch o f  material annealed a t  a 
higher temperature t o  a coarser grained structure, showed a depression 
For specimens (Material W-3) annealed i n  vacuum a t  
i n  Td o f  the order o f  5OoC af ter  pressurising to  only 13 k i lobars (9 1 
together w i th  associated changes i n  the form o f  the stress-strain 
curves. 
t ho r ia  a l l o y  vacuum annealed a t  20OO0C and 220OoC showed no measur- 
able change i n  Td (13OoC and 18OoC, respectively) on pressure cycling. 
The op t i ca l  microstructures indicated that, even a t  22OO0C, the f i b e r  
Analogous observations f o r  a powder-metal lurgy tungsten l w t %  
4 
structure i s  not completely removed i n  these al loys. 
The current,work has been directed t o  invest igat ing the 
j 
influence o f  the annealing condition on the response o f  tungsten W-3 
and the tungsten-thoria a l l oy  t o  pressure cyc l ing - wi th  respect t o  
both mechanical behavior and substructure - w i th  the object ive o f  
c l a r i f y i n g  the roles o f  variat ions i n  impurity p a r t i c l e  content and 
the per fect ion of substructure i n  determining the magnitude o f  the 
response. 
I 
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(a) Hechan i ca 1 Behavior 
In order to obtain a microstructure of recrystallised grains 
of low density of dislocations in both the tungsten and the 1 wt.% 
thoria alloy i.e., an 'optimum' matrix for inducing the pressure res- 
ponse in the presence of second phase particles, a series of annealing 
experiments were carried out. Wire specimens were vacuum annealed for 
30 minutes in tungsten crucibles at temperatures of 1800°, 2000°, 
2200°, 2400' and 260OoC for the tungsten and 2400' and 260OoC for the 
thoria alloy. The resulting changes in grain width - measured opti- 
cally on longitudinal cross-sections - are shown in Figure 6. For 
the tungsten, the grains remained e ongated up to the higher tempera- 
ture investigated - although the ength to width ratio diminished 
substantially. 
stabi 1 ises in the region of 240OOC. As the annealing temperature of 
2200OC was found to reproduce most closely the microstructure of the 
earlier tungsten  specimen^'^), this temperature was selected for fur- 
ther pressurising experiments. 
also did not become completely equiaxed, but the 26OO0C anneal (which 
was the highest temperature attainable with available vacuum furnace 
equipment) showed the most completely recrystallised structure and was 
accordingly chosen as optimum. (See Figure 6). 
It can be seen from Figure 6 that the grain width 
The grain shapes in the thoria alloy 
Batches of tungsten and thoria alloy specimens were 
annealed at these temperatures, subjected to a hydrostatic pressure of 
20 kilobars and the tensile characteristics at atmospheric pressure 
determined for test temperatures up to 24OoC. 
men preparation, annealing, electroshaping, pressurising in a modified 
piston-cylinder apparatus and tensile testing were similar to those 
The methods of speci- 
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used and described previously"). The strain rate in the tensile tests 
was 0.025 min. . -1 
The results of the tensile tests for the tungsten annealed at 
220OoC are shown in Figure 7 in the form of yield stress, fracture stress 
and reduction in area versus test temperature. As can be seen, the 
results for both the as annealed and the pressurised specimens plot on 
essentially the same curves,i.e., there is no change in transition tem- 
perature within the experimental error of measurement. Furthermore, 
the transition temperature is similar to that observed previously for 
specimens annealed at 1600 C. The transition temperatures observed in 
this material annealed at different temperatures are plotted in Figure 8 
as a function of the logarithm of the optical grain size. The broad band 
on this graph denotes the approximately linear variation obtained'") for 
a compilation of published data for tungsten. 
1310' and 16OO0C annealing temperatures in the present work are seen to 
be in agreement with this Petch type relation. However, the point for 
220OoC annealed tungsten lies above the band, corresponding to a lower 
transition temperature than predicted from the relationship. 
0 
The data points for the 
The analogous results of the tensile tests for the 1 wt.% thoria 
alloy annealed at 260OoC are shown in Figure 9. 
data for both the as-annealed and the pressurised specimens do not indi- 
cate a change in the transition temperature within the error of measure- 
ment. 
previous highest annealing temperature of 220OoC (Td - 18OOC). 
As for the tungsten, the 
The actual value of Td is sl ightly higher (- 190°C) than for the 
For tungsten, a response to pressurising had been expected if 
sufficient impurity particles were present in the particular material 
-15- 
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used and s u f f i c i e n t  pressure could be applied t o  induce dislocation- 
generation by d i f f e r e n t i a l  compression o f  the p a r t i c l e  and rec rys ta l l -  
ised matrix. The fact that  essent ia l ly  no changes i n  stress-strain 
response were observed except f o r  the i n i t i a l  series o f  specimens 
suggested that  i n  general the material contained too few sui table 
par t ic les,  but that  var iat ions i n  impurity content might be present. 
For the 1 wt% (1.9 vol.%) thor ia  a l l o y  i n  the recrysta l l ised condi- 
t ion,  the apparent absence of changes i n  mechanical behavior was 
more su rp r i s ings in  view o f  the maximum i n  the y i e l d  suppression 
observed i n  the Fe/Fe C a l loys containing a s imi lar  volume proport ion 
o f  second-phase pa r t i c l es  - see Figure 2. In  t h i s  case, i t  appeared 
3 
t h a t  the applied pressure was too l o w  i n  r e l a t i o n  t o  the d i f f e r e n t i a l  
compression o f  the W and Tho2, and the f l o w  stress o f  the matr ix 
leading t o  no or i n s u f f i c i e n t  generation o f  mobile dislocations. 
addit ion, the morphology and d i s t r i b u t i o n  o f  thor ia  pa r t i c l es  could be 
an inportant factor, as was found for  the Fe/Fe3C (see, f o r  example, 
Figure 1). 
the tungsten and the tungsten-thoria a l l o y  by t h i n - f o i l  e lectron micro- 
scopy was undertaken as described i n  the f o l l w i n g  section. 
- 
I n  
I n  an attempt to  resolve these factors, an examination o f  
I 
(b) Thin-Foi 1 Electron Microscopy 
The preparation o f  t h i n - f o i l s  sui table f o r  electron transmis- 
sion from 0.030 in. diameter tungsten wire specimens o f  the type used 
i n  the study of t ens i l e  behavior i s  normally both d i f f i c u l t  and tedious. 
S t i ck le r  and Engle(”), and Meieran and Thomas (’ 2, have recent 1 y des- 
cribed techniques o f  preparation using the j e t  dimpling method. I n  
the present work, the j e t  method has been used wi th  a number o f  
- j &  
modifications i n  technique t o  f a c i l i t a t e  the hand1 
processes. The improved technique, which has also 
I -  .. 
.. 
.. 
ng and thinning 
proved sui tab le 
f o r  th inning 0.030 in. diameter wires o f  the 2-phase tungsten-thoria 
a l loy ,  i s  described below p r i o r  to  the discussion o f  the s t ructura l  
observations on the wires. 
The preparation technique involves three p r inc ipa l  steps: 
gr ind ing the wi re t o  a f l a t ,  electro-machining dimples w i th  a pressur- 
ized micro je t  and, f i n a l l y ,  bath electropol ishing t o  f o i l .  I n  the 
f i r s t  step, a one-inch length o f  the 0.030 in. diameter specimen i s  
embedded i n  a t h i n  layer o f  a sel f -cur ing and cold se t t ing  res in  
('Quick-Mount'). Conventional metal lurgical  mounting mater ia ls re- 
qu i r i ng  cur ing a t  pressure and temperature are unsuitable because o f  
the b r i t t l eness  o f  annealed tungsten. 
by hand on f i n e  pol ish ing papers to a pa ra l l e l  sided f l a t  approxima- 
t e l y  0.010 in. th ick.  A f te r  removing the remaining res in  and cleaning, 
1/8" long sections are cut  from the long specimen by spark machining. 
This method o f  cu t t i ng  prevents the deformation and f rac tu re  o f  the 
specimen which occurs i n  using mechanical cu t t i ng  methods. The 1/8 in. 
sections are of convenient size to mount d i r e c t l y  i n  the e lect ron micro- 
scope specimen holder. 
The embedded specimen i s  ground 
I n  the second step, the production of dimples on opposite sides 
of  the 1/8 in. section, the pr inc ipa l  modif icat ion made i s  the use o f  a 
pressurized j e t  instead o f  a gravity-feed t o  give a contro l led steady 
supply o f  e lect ro ly te .  
ized i n  a stainless steel  vessel using compressed a i r  a t  20 psi .  The 
pressure i s  cont ro l led by the use o f  a pressure regulator (of a type 
The e lec t ro ly te  (2% NaOH i n  water) i s  pressur- 
- 1  7- 
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used in the welding of plastics) installed in between the electrolyte 
and the main air line (80 psi). A hypodermic needle of stainless steel, 
which also acts as cathode, is used as the nozzle of the jet. A small 
circular bore needle (#27, 0.017"o.d.) gave suitable dimpling but poor 
surface polish, while use of a larger bore jet (e.g. #25, 0.22" 0.d.) 
gave a brilliant polish but too wide a dimple so that the edge support 
was lost. These difficulties were overcome by using a flattened hypo- 
dermic needle of 22 gage (.029" 0.d.) which produces a suitably shaped 
dimple of bright polish by allowing sufficient electrolyte to flow 
through the nozzle to keep the specimen cool and thus avoid etching. The 
specimen is positioned under the jet by clamping in a self-locking stain- 
less steel tweezer mounted on a stage which can be translated in two per- 
pendicular directions in a plane normal to the jet. The specimen is 
first adjusted so that the jet strikes the center line, and then is trans- 
lated back and forth along the longitudinal axis during dimpling to ensure 
a large electron transparent area after final bath polishing. Jetting is 
carried out for 90 seconds on each side at 120 volts D.C. with a current 
-2  density of approximately 40 amp. cm through the cathode and a specimen 
to needle-tip distance of 2mn. The first dimple is lacquered to prevent 
etching during dimpling on the other side of the specimen. 
t 
In the final step, electropolishing to foil is carried out in 
2% NaOH solution with an applied voltage of  8 volts (from a D.C.battery 
supply) across the specimen and a stainless steel cathode, using an 
anode current density of 0.2 amp.cm 
i s  followed by observing the specimen against a light beam by means of 
low-power microscope arrangement. When a small hole appears, electro- 
polishing is stopped and the specimen removed and washed successively 
- 2  . The progress of the polishing 
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i n  hot water, acetone, ethyl  alcohol and ether. This elaborate cleaning 
i s  found t o  be necessary t o  ensure a clean surface free from contamina- 
t i o n  such as can resu l t  from the "layer" formed during electropol ishing. 
Fo i l s  prepared i n  the above manner f rom the tungsten and tung- 
sten - lwt.% thor ia  wires were examined i n  a JEH 6A electron microscope 
operated a t  100KV, using a 400 micron condenser aperture and a useful 
beam current o f  100+.Selected area d i f f r a c t i o n  was used t o  determine 
or ientat ion relat ionships i n  the f o i l s .  The resul ts  o f  the examination 
are presented i n  the fo l lowing sections. 
For tungsten, the successive changes i n  substructure wi th  
increase i n  annealing temperature are i l l u s t r a t e d  i n  Figures 10a through 
10f. (The micrographs are oriented so that  the wi re axes are approxi- 
mately p a r a l l e l  i n  each set - along the page length i n  Figures 10 a,b,c, 
and diagonally i n  Figures 10 d,e,f). The as-drawn wi re (Figs. 10a and 12a) 
consists o f  h igh ly  elongated grains or ' f i b e r s '  whose long axis i s  c losely 
p a r a l l e l  t o  the wire axis o f  (110). 
microns. Dense d is locat ion arrays and a c e l l  structure are frequently 
observed w i t h i n  the f ibers.  
o f  the f i be rs  i s  apparent, together wi th  occasional evidence o f  a more 
developed c e l l  structure. 
boundaries appear which segment the f i b e r  and give a 'bulbous' type o f  
widening f iber  structure. The enlargement o f  f i b e r  segments continues 
a t  13OO0C (Fig. 10d) and by 16OO0C (Fig. lOe), the width between boun- 
daries reaches the order o f  5 microns. These general features o f  the 
s t ructura l  changes on annealing are i n  good agreement w i th  those repor- 
ted by Meieran and Thomas ('*) for  temperatures up t o  1500 C. The f i be r  
widths observed here are s l i g h t l y  larger, although the increase i n  width 
The f i b e r  width averages some 0.5 
After annealing a t  7OO0C (Fig.lOb), widening 
A t  1000°C (Figs. 1Oc and 12b) , transverse 
0 
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wi th  temperature i s  s imi lar  - see Figure 6. A t  the highest annealing 
temperature examined, 2200 C, a fur ther increase i n  the distance between 
boundaries t o  as high as 20 microns occurs.. 
w i t h i n  the grains i s  l ow  and the dislocations mostly appear as hexa- 
gonal networks - Figure 12c. (It i s  in terest ing t o  note from Figure 6 
that  the spacing between boundaries observed by op t i ca l  microscopy i s  
consistently larger than that seen i n  the t h i n  f o i l s .  
analogous r e l a t i o n  t o  that  f o r  grain size (Figure 8) appears t o  hold 
between Td and log. f i b e r  width). 
0 
The d is locat ion density 
However, an 
Extensive searches f o r  impurity second phase pa r t i c l es  were 
carr ied out a t  a l l  stages o f  annealing o f  the powder metallurgy tung- 
sten. 
boundaries - an example I s  shown i n  Figure 10f. I n  contrast w i th  the 
few v i s i b l e  par t ic les,  a substructural feature which developed widely 
and increasingly wi th  increasing annealing temperatures was the appear- 
ance o f  p a r a l l e l  rows o f  small c i r c u l a r  features - see Figure 12c. 
From electron d i f f r a c t i o n  contrast experiments, these were i d e n t i f i e d  
as small voids w i t h i n  the f o i l s .  No such features are v i s i b l e  i n  the 
Such pa r t i c l es  were observed very ra re l y  and always i n  gra in  
0 
as-drawn wi re (Figure 12a), or a f t e r  annealing a t  700 C. 
1000 C, s t r ings o f  elongated voids are occasionally seen - mainly 
w i t h i n  enlarged f ibers,  as i n  Figure 12b. With fur ther  increase i n  
annealing temperature, the voids appear i n  increasing numbers, varying 
sizes i n  the range 0.1 - 0.01 microns and more spherical i n  shape, I n  
the recrysta l l ised wire (16OO0C and above) they are always spherical - 
Figures 10f, 12 - and the para l le l  rows o f  voids l i e  approximately 
p a r a l l e l  t o  the wire axis, <110), and are spaced some 0.5 microns apart. 
However, for 
0 
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Thus, they appear to correspond in position to the original fiber 
.. 
._ 
boundaries in the as-drawn wire. It has been pointed out (' 2, that 
the fiber boundaries in the wire correspond to the original grain 
boundaries prior to the application of working processes. If this 
is correct, then the voids observed here may be attributable to the 
presence of grain-boundary voids and/or dissolved gas, or grain 
boundary impurity compounds in the as-sintered material. 
Features similar to the voids seen in the present study are 
visible - but unidentified as such - in several published electron 
micrographs of powder metallurgy tungsten, e.g. ref. 12. Recently, 
Wronski and Fourdeux (13) reported on a comparative thin foil study of 
powder metallurgy and melted tungsten. In 'as-received' comnercial 
tungsten rod (0.2 in.diam. sintered and warm worked), the structure 
showed large elongated gas pockets, often associated with the fiber 
boundaries. 
spherical bubbles appeared i n  parallel rows, similar to those seen here. 
No such features were found in melted tungsten and its lower ductile- 
brittle transition temperature (by 
absence. 
After complete recrystal 1 isation by annealing at 173OoC, 
100°C) was attributed to their 
The origin of  the bubbles in either the Wronski and Fourdeux 
material or the present material is uncertain, but it seems likely that 
internal void formation may be a characteristic of partly or fully re- 
crystallised sintered refractory metals i.e., attributable to the sin- 
tering process. In the presence of doping additions (as are often 
applied to minimise grain growth in the case of tungsten), voids could 
also arise from volatilisation on annealing of some of the compounds 
used. The wire used here was purchased as 'undoped', but its failure 
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t o  develop f u l l y  equiaxed grains on recrys ta l l i s ing  suggests that  some 
doping addit ions may be present. 
For the tungsten-1 wt% thor ia  al loy,  the structures seen i n  
t h i n - f o i l s  from wires annealed a t  2000' and 220OoC are i l l u s t r a t e d  i n  
Figure 11. A t  the lower temperature, recrys ta l l i sa t ion  i s  incomplete 
and strong inh ib i t i on  of gra in  boundary migration by thor ia  pa r t i c l es  
i s  frequently i n  evidence - as shown i n  Figure l l a .  The thor ia  par- 
t i c l e s  vary considerably i n  d is t r ibut ion,  size and shape, the longest 
ones being 'rod' shaped and approximately 1 micron long by 0.5 micron 
wide. 
l e l  t o  the d i rec t ion  of the wire axis. Occasionally, the shape and 
spacing o f  adjacent pa r t i c l es  indicated that they represented large 
o r i g i n a l  pa r t i c l es  presumably fractured during the wi re processing. A t  
2600 C, the matr ix grains are larger and more equiaxed, w i th  some ind i -  
ca t ion  o f  a less oriented array of rod pa r t i c l es  i.e., o f  rearrangement 
of the par t ic les.  I n  contrast, i n  the only other reported t h i n  f o i l  
study of thor iated t ~ n g s t e n " ~ ) ,  which was car r ied  out on sintered and 
swaged rod o f  approximately 1/8 in. diameter, no evidence o f  rearrange- 
ment was observed f o r  annealing temperatures up t o  2700 C. 
ca t i on  content o f  the tungsten matr ix was low f o r  both annealing tem- 
peratures. A character is t ic  of  a l l  the f o i l s  examined o f  the 1 wt.% Tho 
a l l o y  was that  the volume proport ion o f  thor ia  i s  greater than the 
These rod pa r t i c l es  tend t o  be aligned w i th  t h e i r  length paral- 
0 
0 The d is lo-  
2 
expected 1.9 vol.%. 
I f  the absence of e f fects  of pressurising on the mechanical 
behavior of the tungsten and the 1 wt.% thor ia  a l l o y  i s  i n  keeping w i th  
the hypothesis of pressure-induced generation o f  dislocations, the 
.. 
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substructure seen in thin-foils of the pressurised materials should show 
no, or severely limited, evidence of new dislocations. In the case of 
the tungsten, the only possible sources of elastic discontinuity (since 
second phase particles were almost completely absent in the foils 
examined to date) were the strings of small voids or gas bubbles present 
in the recrystallised material. In many instances, the voids in the 
as-recrystallised tungsten were associated with isolated dislocations 
* 
or hexagonal networks impeding the movement of dislocations. From 
dislocation contrast experiments on the larger voids, a few examples 
were seen of loop segments close to the void-matrix interface; it 
appears likely that these may have formed as the result of local plastic 
strain to relieve the complex stresses associated with the void growth. 
However, despite the existence o f  the voids, acting as small elastic 
discontinuities, no evidence of additional pressure-induced dislocation 
was found in foils from the pressurised tungsten. Thus, the rnechanlcal 
behavior and substructural characteristics are not in conflict. It has 
not yet been possible to prepare foils from the specimens used in the 
earlier experiments on W-3 tungsten which did show some pressure effects, 
but it anticipated that their examination will clarify this 'anmolous' 
behavior. 
In case of foi 1 s' prepared from the recrystal 1 i sed and pressur- 
ized tungsten - 1 wt% thoria alloy, again no new dislocations were 
observed to have formed. The reason that dislocations could not be 
generated around these particles may be associated with the use of too 
small an applied pressure (20 kilobars) with respect to the relative 
1 inear compressi bi 1 i ties of the two phases. However, i t i s  bel ieved 
that the more likely cause i s  the presence of too large a volume proportion 
-23- 
I . *  
fur ther  increase i n  the volume proport 
discussed above showed that  the volume 
on. The t h i n - f o i l  exam 
proport ion o f  thor ia i n  
o f  the thor ia  part ic les.  
i n  t h i s  report, the in tens i ty  o f  the pressure response i s  a maximum i n  
the v i c i n i t y  of 1 t o  2 vole% second-phase and reduces rapidly w i th  
As was shown f o r  the model material e a r l i e r  
nation 
the 
a l l o y  used i n  the present investigation appears t o  be well  above that 
corresponding t o  the suppliers quoted composition and,correspondingly, 
the desirable range. 
I t  i s  o f  in terest  t o  note here that  Schaffhauser, i n  a l im i ted  
study o f  the ef fects  o f  pressurising on the d u c t i l e - b r i t t l e  t rans i t i on  
tempera t u  re, Td, i n  bend specimens o f  annealed comnercial p u r i t y  tung- 
sten sheet and a tungsten -0.5% hafnium - 0.2% carbon a l l o y  sheet, has 
recent ly reported decreases i n  Td of 25O and 5OoC, respectively, f o r  
pressurising t o  15 ki lobars(15). I n  the case o f  the tungsten, thin- 
f o i l s  were examined i n  transmission and evidence was shown o f  disloca- 
t ions generated from a prec ip i ta te p a r t i c l e  a t  a gra in  boundary. Thin- 
f o i l  examination was not carried out on the a l loy,  which showed the 
depression i n  Td. 
um (16) do provide fur ther  support f o r  the 
n the current investigation. 
However, both these larger and more s ign i f icant  
resul ts  and those f o r  chrom 
concepts under explorat ion 
.. 
.. 
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Fig .  IO Thin f o i l  electron micrographs o f  longitudinal sections o f  
0.030 in .  diameter powder metal lurgy tungsten wire  i 1 lus- 
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Fig. 12. internal void formation i n  powder metallurgy tungsten wire 
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graphs of longitudinal sections. Scale markers indicate 0.5 microns. 
